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WITHA TWO-SPOOLTURBOJE!I’ENGINE

ByEdwinJ.Saltzman

IsJMMmY

A briefcompressor-surge”andpressure-recoveryprogrsmhasbeen
completed.for’.-.“ZonvairYF-102airplane-witha two-spoolturbbjet
engine.Thest@ “coveredan altitude‘rangefromabout33,000to
~,000feetandq@ch numberrangefrom0.6to 1.1.

Theresultsindicatethatthisinductionsystem-enginecombination
hadlowcompressor-surgeincidencefornormal-flightoperationsand
thattherewasno relationshipbetweendistortionatthecompressorface
andthesurgesencountered.Inaddition,itwasfoundthat,fortherange
ofthesetests,distortionwasnotrelatedto angleofattack,sideslip,
orfree-streamMachnumber.Thisisprobablydueto thenaturalmixing
associatedwiththelowexpansionangleofthediffuser.However,there
wasa relationshipbetweendistortionandnormalizedair-flowrate. Duct
internal-recoverylosseswereqpitehighbecausetheduct-enginesystem
wasmismatchedformostflightconditions.Theseinternallosseswere
notaffectedby ~le ofattackorfree-stresmMachnumber;however,
inletliplossesZncreasedrapidlywithangleofattack.Thisincrease
isgxeatlyaggravatedwhenMachnumberexceeds1.0. Itwasfoundthat
thetotal-pressurevariation
sideinletsystemisnotthe
ablemanner.

withangleofattackfortheYI?-102‘cwin-
ssmeonbothsidesandvsriesin a repeat-

INTROIXKTION

Theproblemof cmpressorsurgehasbeenencounteredrecentlyduring
flightsofturbojet-poweredhigh-speedairplanes.Compressorsurgeis
theconditionwhereinmostofthecompressorblades stall simultaneously,
permittingthehigh-pressuregasesinthecombustionchamberto flow
towardtheinletduct. Manysurgesaxeaccompaniedby a loudreportand
flsmesmaybe forcedthroughtheduct.
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Inthepas%
underconditions

it hasbeenthought.thatcompressorsurgesoccurred
wheretherewasa widevariationintotalpressure

acrossthecompressorfacecausedby a poorInletconfiguration.During
wind-tunnelteststo establishsurgeconditionsforanengine,it is
difficultto simulatetheeffectsof changesinangleofattackand
sideslipencounteredinflight.Itwasdecided,therefore,tomeasure
thepressureprofilesatthecompressorfaceduringflighttestsof
fighter-andinterceptor-typeairplanesattheNACAIU&Mpeed Flight
Station,atEdwards,Calif.

~is paperpresentstheresultsof such tests made on the Convair.
YF-102airplaneequippedwitha twin-sideinletductsystemanda two-

— —

spoolturbojetengine.Smnecanpressorsurgeswereencounteredduring
thesetestsandan attemptismadetorelatesurgeoccurrencewithcom-
pressorfaceconditions.Thedatawere
to ‘j0,000feetandovertheMachnumber

obtainedataltitudesfrom33,000
rangefrom 0.6to 1.1.
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SYMBOLS

cross-sectionalarea,sqft

ductskinarea,sqf%

pressurealtitude,ft

Machnumber

mass-flowratio,Ductmassflow

pOvO%nlet

inboardcompressorspeed(highspeed),rpm

outboardcompressorspeed(lowspeed),rpm

totalpressure,lb/sqft

radialsegment

airtotaltemperature,%

velocity,ft/sec

air-flowrate,lb/see
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%&
8C air-flow

a angleof

B angleof

.

ratenormalizedto sea-levelconditions,lb/see

attack,deg

sideslip,deg

-P’~
maximumdistortionfactor, min

P‘tav

&v distortionfactor,averageabsolutedeviationinpercent
ofaveragepressmerecovery,

ti

z 5I103
l+

n—
P’o av

where
m

.
% ()%5=—- —
“o “o av

and n = numberprobes

1
altitudenormalizingfactor,

&

6 compressorfacecircumferentialstation,deg

(3C tem~ratuenormalizingfactor, T’
p18.4°R

P densityofair,slugs/cuft

Subscripts:

o freestresm

3 compressorfacestation

3
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2 local

av average

Max maximum

tin minimum

L left

R right

AIRPLANE

TheConvairYF-102airplaneisa single-engine,60°delta-wing —

interceptorpoweredby a two-spoolturbojetenginehavingan installed
sea-levelthrustof aboutU,XO poundswithafterburneror7,400pounds
withoutafterburner.Airis suppliedtotheenginethroughtwoside
inletswhichjoininmediatilyaheadofthecompressorface. A photograph
oftheairplane(fig.1) showstheinletshapeandlocation.AdditionsJ-
physicaldetailsaredescribedinreference1.

SURVEYSTJYIIONSANDINSTRUMENTATION

Pressuresurveysweremadeatfivestationsspaced
alongtheinlet-propulsionsystem.Surveystation1 in

longitudinally
theductofthe

.

YF-102airplanewaslocatedimmediatelyaftoftheinlet,station2 about
5 feetaftoftheinlet,andstation3 shad ofthecompressorface.
Photographsofthesestationsincludingthesurveyrakesareshownin
figure2. Thetypesofrakesusedareshowninmoredetailinfigure3.
Insensitivitytoflowangularity,forprobesat stations1, 2,and3, is
assuredby internalchsn&eringoftheleading-edgeto a 30°includedangle.
Supportstructureinfluencesareminimizedby limitingrakewidthto
about28percentofprobelength.Therakesat stations1 and2 aver-

—

agethepressUresfromalltotal-pressuxeprobes.At station3, hawever,
.

thepressureforeachprobeisrecordedindividually.Therakesatthe
intercompressorandcompressordischargestations(4and5)consistedof
severalradiallydistributedprobeswhichwereconnectedto a ccmmon
recordingcell..Theserakes(stationsh and5)weredesignedandbuilt
especiallyfortheengineby themanufacturer.Thelocationsofeachof
thesestationsrelativeto oneanotherareshowninfigure4,alongwith f
otherpertinentphysicaldetails.

r
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Totalandstaticpressureintheductandatthecconpressorface
andtotalpressureatthecompressordischargeweremeasuredwithNACA
12-cel.lmanometers;a pressuretransducerwasusedattheintercompressor
station.Totslairtemperaturewasmeasuredby a shieldedresistance-
typeprobelocatedbeneaththefuselagenose.TotaltemperatureT’3
wasassumedto be thesameasfree-stresmtotsltemperature.An NACA
standardairspeedheadprovidedfree-streamtotal.andstaticpressure
frompointsabout90 and80 inches,respectively,aheadofthefuselage
zerolengthstation.

TheYF-102airplanecontainedstandardNACAinstrumentsandsyn-
chronizingtimr forrecordinggeneraflightdatapertinenttothe
program.

*

It isestimatedthat
totalandstaticpressure
theinstallationerrorin

ACCURACY

theinstrumenterrorsinvolvedinmeasuring
intheductareabout+5 lb/sqft;however,
staticpressureisumcertain,whichpenalizes

theaccuracyof calculatedductMachnumbersby anunknownsmount.The
errorinmeasuringcompressorspeediswithinX revolutionsperminute.
Normalizedair-flowrateisestimatedto be accurateto about2 lb/see.
Thisparameterwasdeterminedfromunpublishedresultsofenginetests
by theNACALewisLaboratory.Theaccuracyoffree-streamMachnumber
iswithin*O.01 atthelowerspeedsand*O;02
At supersonicspeedstheerrorinMachnumber
dependingon instrumenterroronly.

TESTs

betweenM = 0.9and1.0.
shouldbe verysmall,

Thedatareportedinthispakr representpull-ups,seed runs,
turns,andsideslips.Altituderangedfrcm33,000to 50,000feetwith
mostofthedataobtainedat anal.titudeof ~,000feet. Machnwnber
variedfromabout0.6to 1.1.

Itwasfoundthattheinductionsystem-enginecombinationhadvery
lowthrottle-ftid surgeincidenceatthealtitudesnormallyreachedby
theairplane.In orderto reachthealtitudeswherethe~robabilityof
surgeincreased,itwasnecessaryto resortto a specialmaneuvercon-
sistingofa levelrunat about45,000feettoprovidemountum,fol-
lowedby a fixed-throttlepull-upwhichallowedtheairplaneto “zoom”
to about70,000feet. Abouthal$thesemaneuversprovided.surge.Four
ofthesethrottle-fixedsurgeswererecordedalongwithfiveothersprges
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recordedunderunknownthrottleconditions.Theninesurgesrecorded
areincludedinthispaperwiththeconditionsoftheiroccurrencefor
comparisonwithconditionswhereno surgewasencountered.

DISCUSSIONOFRESULTS

Althoughintercompressorandcompressordischargeinst~ntation
wasnotavailableforallsurgesencountered,threeofthethrottle.
fixedsurgeswererecordedwithtotal-pressureprobesat stations4
snd5. AccordingtoNACALewisaltitudewind-tunneldatafora s~lar
engine,thecompressionratiovaluepriorto surgeacrossthelow-speed
compressoriswellwithinthesteady-stateoperatingregion.However,
thecompressionratiovaluebetweenstations4 and5 (acrossthehigh-
speedcompressor)is sufficientto initiatesurgewithinthehigh-speed
compressor.

Therelationshipof compressorfacetotalpressurewithhigh-speed
compressorvelocitypriorto surgeis showninfigure5. As canbe seen,
theregionw~resurgewasencounteredislimitedto a verysmallpart
oftheregionoftotalflightexperience;thatis,theregionwherecom-
pressorfacetotalpressureislessthan400poundspersquarefoot.
Thecoarsecross-hatchedmea indicatesthepartoftheflightexperience
regionwherehigh-s~edcompressorsurgewasencounteredfora similar
engineattheNACALewisLaboratory.

Althoughtheregionofflightexperienceis quiteextensive,it
canbe seenthatthrottl.e-fi~dsurgewasnotencounteredinflight
untiltheconditionswerethesameasthoseexistingforhigh-speedcom-
pressorsurgeinthewindtunnel.Evenforthesurgeswherethethrottle
conditionisunknowntheoccurrenceiswithinor closetothosecondi-
tionsforhigh-speedcompressorsurgeinthetunnel.Therefore,because
theseconditionsforsurgeinf~ght andinthetunnelaresimilarand
ticausetheairflowto theengineinthetunnelwasundistorted,it is
believedthatthesurgesencounteredduringflightarenotinducedby
compressorfacedistortion.

Thecontentionthatthesesurgesareunrelatedto distortionis
substantiatedby figure6 wherethedistortionfactorL&v isrelated
tomass-flowratio,angleofattack,andnormalizedair-flowrate.This
figureshowsconditionsexistingatthecompressorfaceforsurge-free
operation(opensymbols) andconditionsp~or to suxge(solidsymbols).
Thedistortionpriorto surgeisnogreaterj_infact,it isusuallyless
thanthedistortionforsurge-freeoperation.As canbe seen,thereis
nothinguniqueaboutsurgeoccurrencerelativeto distortionendthe
otherp=ametersshown.
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Eachofthenexttwofigures,7 and8, illustratesthecircuder-
entialsndradialpressure-recoveryprofilesatthecompressorface.
Thesolidsymbolsrepresenttheaveragepressurerecoveryofeachsurvey
rakeatthecircumferentialpositionoftherake. Theconnectedstraight
lineswithintheradialsegmentr formtheradialprofileforeachrake.
Thesolidhorizontallinerepresentstheoverallmeanpressurerecovery
andthedashedlineillustratesthecircumferentialdeviation(distortion)
fromtheoverallmeanrecovery.

Figure7 showsthecompressorfacerecoveryprofilestiediately
priorto thefoursurgesencounteredwithfixedthrottle.Pressurepro-
filescannotbe shownduringthesurgesbecausethedynamicresponseof
theinstrumentalionwasnotsufficienttofollowthedisturbance.It
cm & seenthatthedashedfairingat 13= l~” isnearthessmelevel
as at E)= 210°. Thisfairingis supportedby dataobtainedduringtests
whena rakewaslocatedat El= lm” (fig.8(b)).

Thepatternfollowstheconventionalformforan installationof
thistype,showinglowrecoveryatthetop (0°or 360°) andevenlower
atthebottom(180°). At aboutno fromthebottomtheradialprofile
losestheusualinverted“U”shapeassociatedwithfluidflowinpipes.
However,thisfeatureisassociatednotonlywithcompressor-surgepro-
filesbutis slsocharacteristicofthisinstsJlationfornormsl-flight
conditionsas showninfigure8.

Figqre8 isa presentationofthessmetypeas showninthepreceding
figure.Thesedatarepresentturns,speedruns,andsideslipswithout
compressorsurge.ThesemaneuversrevealgeneralJylowtotal-pressure
recoveryatthecompressorfacewitha highlevelofdistortion.Com-
parisonoftheseprofileswiIlalsoshowthatdistortionisnotrelated
to angleofattack,Machnumber,or sideslipfortherangeofthesetests.
A possibleexplanationoftheinsensitivityof compressorfacedistortion
to theseexternalparametersisthattheeffectivecliffuserexpansion
angleis sosmall(about1°)thatdistortionoriginatingneartheinlet
dissipatesthroughnaturalmixingbeforereachingthecompressor.Hence
thedistortionwhichisexperiencedshouldbe a functionoftheduct
internalgeanetryandinternalair-flowparameters.Thedependenceof
distortiononthelatterfactorisdemonstratedinfigure6 inwhichthe
relationshipofdistortionto normalizedair-flowrateis shown.

Muchofthedataoffigure8 areshowninfigure9 by comparingthe
effectof angleofattackor sidesliponpressurerecovery,distortion,
andvariousductandengineparameters.Figure9(a)representsa turn
at about@,(XIOfeet, M = O.~, anda nearlyconstantnormalizedair-
flowrateofabout182poundspersecond.Thepressure-recoveryvalues
forstations1, 2,and3 arenearlyparallel,indicatingthattheduct
internallossesareindependentofangleofattackandthatthelip
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losses,representedby station1, increaserapidlywithangleofattack.
T& pressure-recoverylossatthecorqpressorfacebtweenanglesof .
attackof4°and10°isabout0.06. Inaddition,theformerobservation
thatdistortionatthecompressorfaceisnotsffectedby angleofattack
isverified.

Figure9(b)showsa similarplotfortwospeedrunswhi.chvariedin
Machnumberfrom0.6to almost1.0,whilealtitudeandtheassociated
angleofattackvariedovera rsmgecomparableto theprecedingturn
(fig.9(a)). Therelationshipofpressurerecoveryto free-streamMach
numbercanbe seenby thereducedslopeofthepressure-recoverycurve
forthesemaneuvers.Herethe10ssin compressorfacerecoverybetween
snglesofattackof4° md 10°isabout0.03(halfthevalueoffig.9(a)).
In addition,distortionislittleaffectedbyMachnmber,especially
distortionfactorL&. TheductMachnumbersdisplaythessm trends
duringthespeedrunsasduringtheturnat constantMachnumberandare
onlyslightlyinfluencedby angleofattack.

A shilarpresentationismadeinfigure9(c)fordive-recoverydata
at M ~ 1.0. Here,again,ductMachnumberanddistortionshowonly
slightchangeswithincreasingangleofatack;however,thepressure-8recoverylossfroman angleofattackof4 to 10°isabout0.10,indi-
catinga moresevereliplosswithangleofattackatMachnumbersin
excessof1.0. .

A similarcomparisonispresentedinZigure9(d)to showtheeffect
of sideslipat constantangleofattack.Fortherangeof sideslip

.

shown,thepressurerecoveryanddistortionareindependentof sideslfp.

Thecomparisonsmadeinfigure9 showgraphicaU.ythemannerin
whichtheinletlip,angleofattack,internallosses,andsupersonic
speedeffectthepressurerecoveryofthisinstallation.H&ever,an
attemptto relatepressurerecoverytoa flow-rate
isnotas conclusive,as canbe seeninfigure10.
pressurerecoverywithseveralair-flowparameters
themorecomnonlyusednormalizedair-flowrateis
i.nteKligible.

parameterinfright
Thevariationof

iS shown,although
probablythemost

Forthedataatan angleofattackof4°theexistenceofa sudden
increaseinrecoverylosswithincreaseinnomali.zedairflowisespe-
ciallyapparent.Thistrendisnormalforinletductsas chokingis

—

approached;however,mmt maneuversshouldobviouslybe flownatair-flow
rateslowenoughto avoidthe%nee’finthecurve.Flightexperience
withtheYT-102airplanehasshownthatformostmaneuversthenormalized
air-flowrateisbeyondthis~tknee,”whichaccountsforthegenerally .
lowpressurerecoveryofthisduct-enginecombination.

.

Amk~
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Thisconditionis illustratedinmoredetailinfigure11where
flightdataarecompsredwithrecoverycharacteristicsandthechoking
boundary,bothofwhichareestimatedinreference2. Sensingdevices
werenotavailableattheproperlocationsto indicatepositivelya
chokedconditioninthisduct. However,intiewofthetrendofflight
pressure-recoveryvaluesandthepositionoftheflight-recoveryvalues
relativeto theestimatedchokingline,it isthoughtthata chokedcon-
ditionexistedformostflightconditions.Thisisa ratherserious
caseofmismatching.

Duringthesetestsitwasobservedthatas angleof attackincreases,
thecompressorfacesurveyrakesat e = 90° and e = 270° experience
differenttotal-pressurevalues.Althoughan extensivestudyhasnot
beenmade,fourspecialmaneuverswererecordedatMachnumbersbetween
0.75and0.85withonlytherakesat (3= gOOand270° installedat the
compressorface. Rakesat stations1 and2 werealsoremovedto prevent
theirpresencefrominfluencingtheresults.Thesedata,presentedin
fimu?e12,showa signific=tandrepeatabletotal-headdifferential
be&eentheright~
attackabove11”. As
anangleofattackof

leftsidesofthecompressorfaceat anglesof
canbe seen,thedifferentialchangessignnear
150.

CONCLUDINGREMARKS

ThecombinationoftheYF-102airplaneanda two-spoolturbojet
enginehasbeenfoundto displaythefollowingcharacteristics:

1.Thecombinationhada verylowcompressor-surgeincidencefor
normsl-flightoperations.

2.Fortherecordedcompressorsurgesthereappearsto be no rela-
tionshipbetweencompressorfacedistortionandsurge.

3.Forthersngeofthesetests,distortionisnotrelatedto angle
ofattack,sideslip,orfree-stres.mMachnumber.Thisprobab~isdue
to thenaturalmixingassociatedwiththelowexpansionanglediffuser.
Thereisa relationshipbetweendistortionandnormalizedair-flowrate,
however.

4.Theduct-enginesystemismismatchedformostflightconditions,
resultinginhighinternallosses.Theselossesareunaffectedby angle
ofattackorfree-stmsmMachnumber.Theinlet-liplossesincrease
rapidlywithangleofattackaudthisincreasein losswithangleof
attackisgreatlyaggravatedwhenMachnumberexceeds1.0.
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5. Thetotal-pressurevsriationwithsngleofattackfortheYF-102
twin-sideinletsystemisnotthesaneonbothsidesfornegligibleside- “–
slipanglessmdvariesina repeatablema-r withangleofattack.

High-SpeedFlightStation,
NationalAdvisoryCc#nmitteeforAeronautics,

Edwards,Calif.,March12,1957.
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2.Naksmura,H.,andTsunoda,W.: ThrustAvailableandEngineAirInlet
PerformanceoftheF-102Airplane.Rep.ZJ-8-002(ContractNo.
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Figure l.- GeneralviewofYF-102 airplene showing Inlet. L-37-182
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(a)Station1. E-1568

Figure2.-Photographsof surveystations.
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(b)Station2. E-1761

Figure2.-Continued.
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Figure 2.- Concluded.
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(a) Iacaticm of survey .tatiom.

Fi.gmw 4.-Pbysical detailspertti~ tothesurvey stations.
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SurveyBtitiOll1
Area=264sqlnm
(Alltotal-preesureprobesmanifoldtosingletu*)

Frandtl

[1-Flush staticInboard

+Flueh static

Surveystation3
Area= 721 sqIn.
(Frobesimiivlduellyrecorded)

Note:RakeC lccatedatl~”
forpartofprograc+
thenrovedto189°.

staticprobe Inboard

orifice

Surveystation2
Area= 274 sqIn.
(Allprobesmanifoldtosinglet~e)

orifice

profiles.
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(b)Frontviewof

Figure

surveystation

4.-Centhued.
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(c) DstaiM of rakes at station3. Alldimensionsin inches.
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Figure5.-Comparisonof’surgeconditionsduringflightwiththosefor
a similarenginetestedattheNACALewisLaboratory.
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